A Saccharomyces cerevisiae strain deficient in phosphatidylethanolamine methyltransferase that exhibits choline auxotrophy grew in the presence of dioctanoyl phosphatidylcholine (diC8PC). We isolated and characterized mutants defective in growth in the diC8PC-containing medium. Mutations in LEM3/ROS3 impaired growth in that medium, indicating that Lem3p is involved in the utilization of extracellular phosphatidylcholine (PC) with short acyl chains.
Phosphatidylcholine (PC) is the most abundant phospholipid, comprising more than 40% of total phospholipids in eukaryotic cells. 1) In Saccharomyces cerevisiae, biosynthesis of PC is accomplished through two pathways, which include triple methylation of phosphatidylethanolamine (PE) by two methyltransferases, Pem1p and Pem2p, and the CDP-choline branch of the Kennedy pathway.
2) In S. cerevisiae, PC is essential for growth in that deletion of PEM1 and PEM2 is lethal without a PC supply through the Kennedy pathway. 3) While the mechanism of PC synthesis is well-defined, the transport and metabolism of PC in eukaryotic cells remain unsolved. To elucidate these issues, it is effective to establish a system in which exogenous phospholipids or phospholipid analogs are incorporated into the cells and to monitor their movement and metabolism in the cells. We have reported that an S. cerevisiae mutant that is auxotrophic for choline due to a defect in the synthesis of PS or PC grew in the presence of dioctanoyl PC (diC8PC) and of didecanoyl PC (diC10PC). 4, 5) Because an 8-or 10-carbon fatty acyl residue appears to be too short to maintain the structure and function of the biological membrane, it is speculated that acyl chains in diC8PC and diC10PC were exchanged with longer ones. Indeed, methyl-13 C-labeled diC 8 PC ((methyl-13 C) 3 -diC 8 PC) was incorporated and rapidly converted to (methyl-13 C) 3 -PCs containing longer acyl chains by yeast. 5) In addition, deletion of ALE1 encoding lysophospholipid acyltransferase partially exaggerated the growth of a mutant deficient in PC synthesis in a medium containing diC8PC, probably due to a defect in the acylchain remodeling of diC8PC. 5) Hence it is expected that mutants defective in the transport or metabolism of PC can be obtained by screening mutants that do not grow or grow poorly on a medium containing PC with short acyl chains when PC synthesis of them from choline is repressed. We mutagenized Ápem1Ápem2 strain with ethyl methanesulfonate (EMS) and isolated 45 mutants defective in growth in SD medium containing 0.1 mM diC8PC from approximately 35,000 mutagenized colonies.
We examined the incorporation of exogenous PC into the various mutants using fluorescently labeled PC (1-myristoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]-hexanoyl}-sn-glycero-3-phosphocholine, NBD-PC). The cells were incubated with NBD-PC for 1 h and washed, and then we determined the intracellular fluorescence with a FACScan cytometer, as described previously. 6) Among the mutants, the A2 and A13 mutants showed remarkable defects in the incorporation of NBD-PC (Fig. 1 ). A2 and A13 showed severe growth defects in SD medium containing 0.1 mM diC8PC, while they grew in SD medium containing 1 mM choline ( Fig. 2A) . The mutations in the A2 and A13 mutants were recessive (data not shown).
Lem3p/Ros3p is a 414-amino-acid protein containing two putative transmembrane domains, and it localizes to the plasma membrane. It has been proposed that Lem3p is involved in inward directed trans-bilayer transport of phosphatidylcholine and phosphatidylethanolamine by P-type ATPase, Dnf1p or Dnf2p at the plasma membrane. [6] [7] [8] Deletion of LEM3 caused severe defects in the uptake of NBD-PC and lysoPC. 6, 9) In order to determine whether A2 and A13 have mutations in LEM3, we introduced LEM3 using a low copy plasmid YCpLEM3 into these mutants. This plasmid was constructed by cloning the PCR-amplified DNA fragment from total DNA of W303-1A and primers LEM3-U (5 0 -TAAC-GAGTGTAGTGCGCCTT-3 0 ) and LEM3-L (5 0 -CAA-CCTCCACTTACACAACC-3 0 ) into YCplac33. LEM3 complemented the defects of both A2 and A13 in growth in SD medium containing diC8PC and the incorporation of NBD-PC ( Fig. 1 and Fig. 2A ).
Next we analyzed the nucleotide sequence of the LEM3 regions of A2 and A13 to identify mutation sites. Total DNA of A2 and A13 was prepared and used as a template to amplify the lem3 ORF, 484 bp of the 5 0 -noncoding region, and 285 bp of the 3 0 -non-coding region in three independent PCR reactions, and the nucleotide sequences were determined. We found that the lem3 gene of the A2 mutant had a point mutation from y To whom correspondence should be addressed. Fax: +81-3-5841-8015; E-mail: aaohta@mail.ecc.u-tokyo.ac.jp Abbreviations: diC8PC, dioctanoyl phosphatidylcholine; diC10PC, dicapryl phosphatidylcholine; EMS, ethyl methanesulfonate; (methyl-
Note cytosine to thymine at nucleotide residue 478 in the LEM3 ORF. This mutation leads to the generation of a stop codon and the production of a 159-amino-acid protein (Fig. 2B) . On the other hand, the lem3 gene of the A13 mutant had a different point mutation, from guanine to adenine, at nucleotide residue 1145 in the LEM3 ORF. This mutation leads to the substitution of Gly for Asp at amino acid residue 382 in the second putative transmembrane domain (Fig. 2B) . These results suggest that the defects in the A2 and A13 mutants in growth in SD medium containing diC8PC and in the incorporation of NBD-PC were due to the aberrant Lem3p. The reason for the partial complementation of the growth defects of A2 and A13 mutants by LEM3 can be the dominant negative effects of aberrant Lem3ps. Alternatively, it is possible that these mutants have other unidentified mutations that affect growth in SD medium containing diC8PC.
To confirm the involvement of Lem3p in the utilization of diC8PC, we constructed the LEM3 deletion mutant in the Ápem1Ápem2 background. To delete LEM3, a DNA fragment was amplified by PCR using primers LEM3-f (5 0 -CATTTCAATAGTGCTCGGCT-3 0 ) and LEM3-r (5 0 -GTAACAGTCGCTTCTCCCTC-3 0 ) with total DNA from BY4741Álem3 as a template, and introduced it into strain Ápem1Ápem2. The resulting strain, Ápem1Ápem2Álem3, grew as well as the Ápem1Ápem2 strain in SD medium with 1 mM choline, but its growth was severely impaired in SD medium with 0.1 mM diC8PC (Fig. 2A) . The Ápem1Ápem2Álem3 strain also showed a defect in the incorporation of NBD-PC, as described previously (data not shown). 10) Our results indicate that LEM3 is required for the utilization A, Growth of the A2, A13, and Ápem1Ápem2Álem3 strains in diC8PC-containing medium. The Ápem1Ápem2, A2, A13, and Ápem1Ápem2Álem3 strains with and without YCplac33 or YCpLEM3 were grown in SD medium with choline. Cells from 2 ml of fresh 1-d culture were collected by brief centrifugation, washed 3 times with 2 ml of SD medium, and suspended in 2 ml of SD medium, SD medium with 1 mM choline, or SD medium with 0.1 mM diC 8 PC at a starting OD 600 ¼ 0:02. After 48 h of incubation at 30 C to consume residual choline and/or PC, cells were collected, washed, and suspended in 2 ml of fresh media at a starting OD 600 ¼ 0:02. The cells were cultured at 30 C for 72 h, and the final OD 600 was measured. Results represent averages of three independent experiments AE S.E. B, The mutation sites of the lem3 genes in A2 and A13 strains. Changes in nucleotide and amino acid sequences are shown. of diC8PC. It has been reported that Lem3p is involved in the uptake of exogenous lysoPC. 9) DiC8PC might first be deacylated to monoC8PC extracellularly by unidentified phospholipases or esterases, and then incorporated by Lem3p and probably its binding partner, Dnf1p or Dnf2p. Alternatively, diC8PC might be incorporated in intact form by Lem3p complexes. In support of the latter possibility, additional deletions of three genes encoding phospholipases B, Plb1p, Plb2p, and Plb3p, which have been reported to localize in the periplasmic space or the plasma membrane in yeast, did not cause any growth defect in SD medium containing diC8PC. 5) In this study, we isolated several mutants defective in the utilization of exogenous PC containing short acyl chains. Mutants deficient in deacylation or reacylation of diC8PC, or interorganellar transport of PC, might be involved in the remaining 43 mutants. As for the molecular details of the transport and metabolism of PC in yeast, the results of this study indicate that it is promising to isolate and characterize mutants defective in the utilization of exogenous PC containing short acyl chains under conditions, in which PC synthesis is repressed.
